Introduction
Super-resolution microscopy is the term given to a class of techniques which can image structures smaller than the diffraction limit ($250 nm for visible light). Currently, localization microscopy is a highly popular method for achieving super-resolution due to its experimental simplicity. Localization microscopy is based on detection and localization of randomly activated single molecules in a sequence of images. These single molecule localizations are then used to reconstruct a super-resolution image [1, 2] . This means that the reconstructed image is a collection of discrete points and should be considered as a data set rather than as an image.
Quantitative analysis of localization microscopy datasets requires identification of structures of interest in the data. Although pattern recognition is possible without a model of a structure, it is expensive computationally. Therefore it is easier to identify structures of interest either manually or by software using a set of rules, characteristics or a model of the structure. For example, a number of studies have discussed identification of the nuclear pore complex imaged with localization microscopy. This was done by creating an intensity profile from single molecule localizations and reconstructing. An average model was created either using localizations from many nuclear pore structures [3] or by convolving molecule localizations with a Gaussian to create a continuous image [4] and then identifying them.
Here, we propose a method using the Ransac algorithm [5] and an application of the Hough transform [6] to analyze localization microscopy data to identify podosomes, which are matrix adhesive structures formed on the cell surface of a number of cell types (for example macrophages, osteoclasts, dendritic cells, and Srctransformed fibroblasts [7] ). Podosomes consist of an f-actin core and a ring structure formed of integrin and integrin-associated proteins (for example vinculin, paxillin, and talin) [7] . Podosomes are thought to be involved in adhesion, tissue transmigration and cancer metastasis [8] . Adhesion to the extracellular matrix, one of the functions of podosomes, is moderated and maintained mainly by the podosome ring [7] .
Podosome rings in standard resolution fluorescence microscopy images are visible as circles surrounding the actin-rich podosome cores, and their radius varies between 0.5 and 1 lm [9] , with some evidence that diverse proteins are occupying discrete zones in the ring [10] . Recent studies using different super-resolution methods have presented two conflicting models of the podosome structure. The podosome ring was reported to have the shape of continuous hexagons in studies with high density localization microscopy methods using live and fixed samples expressing fluorescent proteins [11] . In contrast, when primary/secondary antibody labeled fixed samples were imaged with localization microscopy the ring was reported to be a collection of sparse protein clusters [10, 12] . Results acquired using both of these approaches had suggested a specific protein arrangement in the ring. For example, a visual assessment of the images in [11] hinted that talin was closer to the podosome center than vinculin. 
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Methods 115 (2017) [9] [10] [11] [12] [13] [14] [15] [16] Contents lists available at ScienceDirect Methods j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y m e t h confocal microscopy study presented in [10] , which found talin formed an inner ring close to the core, with vinculin being uniformly distributed through the podosome ring. However, a comparison of the relative positions of different protein-classes found between the two experimental approaches has not been possible due to a lack of analysis methods suitable for localization microscopy data. Our analysis method, described below, is tailored to be used with localization microscopy datasets. It identifies podosomes using a model of podosome ring structure, calculates the podosome ring protein positions and uses those positions to create a second, more refined model of the podosome ring. Podosomes were identified using an approximate, circular model of the ring structure and for each identification the center point and radius was measured. For identified podosomes we calculated the average position of the protein around the ring. As the ring size varies between different podosomes, we looked at the relative distance of one protein to another to amass reliable statistics. Relative protein distances can then be used to build a podosome ring model.
Methods

Sample preparation
The podosome samples were prepared using the protocol presented in [13] . Conjugated tandem dyes were supplied by Oleg Glebov and prepared using the protocol presented in [14] .
Imaging
Localization microscopy imaging was performed using the Nikon STORM system, with an Eclipse Ti-E Inverted Nikon Microscope, Andor Ixon camera, laser and LED light sources (laser wavelengths are: 405 nm, 30 mW; 488 nm, 90 mW; 561 nm, 90 mW and 647 nm, 170 mW) and operated with NIS Elements software with the N-STORM module. The imaging was performed with TIRF, 100x, N.A. 1.49 objective. In two color STORM imaging the 647 nm laser was set to 25 mW, the 488 nm to 18 mW, and the 561 nm to 18 mW. The laser power was adjusted during the acquisition to acquire similar number of counts in every frame (as far as possible), up to around 80% of the maximal laser power (72 mW for 488 nm, 561 nm, and 136 mW for 647 nm laser). As podosome rings are rather flat structures positioned at the cell membrane, imaging was performed in TIRF (or near-TIRF) angle to reduce background and improve the signal-to-noise ratio.
Prior to imaging samples were immersed in an imaging buffer. The base buffer was made according to the Nikon Protocols for sample preparation [14] with b-Mercaptoethylamine (MEA, Sigma Aldrich, 30070-50G). To ensure better stability of dyes in the samples Cyclooctatetraene (COT, 98%, Sigma Aldrich, 138924-1G) was dissolved in DMSO (Sigma Aldrich, 472301-1L-D) and added to the base buffer to a final concentration of 2 mM [15] .
In each series about 10,000 frames were acquired, at a rate of 30-50 frames per second. An epi-fluorescent image of the region of interest was also captured (with LED light, 488 nm and 561 nm) for each localization microscopy acquisition, which was later compared with the reconstructed image. The superresolution images were reconstructed from the image sequences using QuickPALM [16] . The sample preparation, imaging and analysis for 3B microscopy was performed according to [11] .
Podosome identification and protein position calculation
To identify podosomes, it was first necessary to create a model for them. We made a number of simplifications to the model which we used to identify the podosome ring structure. The ring was approximated to be circular (a circle's center and radius can be found using coordinates of three points positioned on that circle). After the podosome identification the relative positions of proteins in the podosome ring were calculated. Because some of the podosomes were elongated, and the podosome size varies, the distance between the podosome center and proteins positioned in the ring is not constant between podosomes or even a single protein in one podosome ring. Thus the protein positions were calculated relative to each other by subtracting the average position of one protein from the average position of another.
The podosome rings were identified using a circular model. The equation of a circle passing through three points can be found using Eq. 1. Here we were interested in identifying the circle center and the radius of the fitted circle (see Section 3). The software randomly selected three points (separated by a small enough distance so they could confidently belong to a single podosome ring) from the localization data set (see step 1 in Fig. A.1 ) [5] . Then the circle center and radius were calculated (step 2 in Fig. A.1 ). The fitted circle was then examined to meet two criteria: the size of the fitted circle had to be similar to the size of actual podosomes (radius 0.5-1 lm) and the inside of the circle should have a very small number of localizations, because there should be no fluorophores present in the podosome cores. The acceptable number of localizations in the podosome center was established by finding the density of background localizations and then setting the threshold 50% higher (usually the same value was used for analysis datasets of the same type). Lastly, the overlap of the fitted circle with the actual podosome ring structure was evaluated, by examining the distribution of protein localizations surrounding the fitted circle in a proximity corresponding to an actual podosome ring thickness ($400 nm). The values used for this fitting step were established experimentally based on a fit to an average podosome ring from a localization microscopy dataset (step 3 in Fig. A.1 ). If these criteria were met the fitted circle parameters were saved (step 4 in Fig. A.1 ), if not they were discarded. Then a new set of three points was chosen and circle fitting steps were repeated (steps 1-3 in Fig. A.1 ). The circular model is optimal for the rounder podosomes. For elongated (elliptical) podosomes the fitted circle centers provided a wider range of possible podosome center points resulting in an elongated distribution (this can be seen for some podosomes in Fig. B .2b and c). Usually circles are fitted across the whole image, however, their density is much higher in areas with podosomes present.
The software ran for a set number of repetitions, which was arbitrarily selected to be around 100x higher than number of points in the data. The repetition number was smaller than the number of possible combinations of selecting three points, however it usually provided about 3000 circle fittings meeting the filtering criteria. For a data set containing up to twenty podosomes this provided a good range of possible podosome centers. The centers of fitted circles were saved and plotted in an image for reference (see Fig. B.2) . The podosome centers were found using an application of the Hough transform [6] . The center points of the fitted circles were convolved with a Gaussian function. Then, the central points of actual podosomes were found by finding the local maxima (step 5 and 6 in Fig. A.1 and B. 2). Compared with the visual assessment of the data the software had 80% success rate (the remaining 20% were false positives and negatives, which were removed during the protein distance calculation, see Fig. B.2) .
The protein positions in the podosome ring were calculated relative to each other, comparing the average position of one protein to the second. The podosome centers were used for the protein distance calculation. The outer boundary of the podosome ring was usually hard to define computationally because of background noise and close proximity between podosomes, although the rings boundaries are clearly visible to the human eye (see Fig. B.1) . Thus a user input was required at this stage to create a mask image marking podosome boundaries. These images were created in black-and-white, where white marked areas with podosomes (step 1 in Fig. A.2) . Use of masking images had an additional advantage of excluding areas where podosome ring composition may be different. For example fragments of the ring shared by two joint podosomes and removing false positive podosome identifications (see Appendix B).
The podosome ring shape can sometimes be elongated, and so the proteins in the ring may not be equally spaced from the podosome center. Thus, the calculations of relative positions were performed for small sections of the ring the angular increment for each section was set to 5.7°. The increment value was selected to get on average about ten localizations of each protein in the segment (step 2 in Fig. A.2) . The calculated average difference in positions of the two proteins in each segment was then weighted by the number of points in given segment -so the regions with small numbers of localizations would not influence strongly the end result (step 3 in Fig. A.2 ).
Equation of the circle passing through three points
There is exactly one circle passing through three points (x 1 ; y 1 ), (x 2 ; y 2 ), (x 3 ; y 3 ) which are not positioned on the same line. This circle can be constructed geometrically by drawing two perpendicular lines crossing the segments between points, their crossing point will be the center of the circle or arithmetically using equation of a circle:
By solving Eq. 1 using three points positioned on the circle we found coordinates of the central point. The circle radius was later found by calculating distance between the circle center point and any of the three points on the circle (Fig. 1) .
Results
The methodology developed for podosome ring analysis was used to acquire preliminary results of protein positions in the podosome ring. The relative positions of vinculin-paxillin and vinculintalin were calculated. Vinculin and paxillin data sets were collected using samples stained using tandem dye pairs and imaged using Nikon N-STORM system. The talin-vinculin pair was imaged using samples prepared with mCherry-talin construct and stained with Alexa Fluor 488 (see [11] for details). The relative positions of two proteins in each pair were calculated (see Section 2.3). The resulting distributions of relative distance measurement are shown in Fig. 2 . For the vinculin-paxillin pair around 380 podosomes (from four samples, Fig. 1a ) and for the talin-vinculin pair 159 podosomes from a single data set were analyzed (see Fig. 1b) .
The results distribution for vinculin-paxillin is symmetric and it has a very sharp peak and weak tails. Mean, median, standard deviation and the 1st and 3rd quartiles were calculated for the results distribution (see Table 1 ). The central tendency of this distribution suggests a very small difference between positions of vinculin and paxillin. The mean value is equal to 4 nm and median 1 nm, suggesting that the paxillin is located further from the podosome core than vinculin. However, the mean and median values are still too small to provide a definitive answer about protein arrangement. The central tendency is smaller than the proteins size (minimal protein size was calculated using methodology presented in [17] , see Table C .1).
Use of fluorescent proteins expressed directly by the protein of interest can remove the issue of the localization error due to distance between the detected fluorescent marker and marked protein, because they are expressed directly into the protein of interest. However, the quantum yield of the fluorescent proteins is smaller than that of organic dyes resulting in lower intensity and more dense data sets. Analysis of denser data sets requires more time and specially designed analysis methods for Example 3B [11] . Datasets with two of the podosome ring proteins vinculin Fig. 1 . A geometrical construction of a circle passing through three points. If we draw two perpendicular lines crossing the segments connecting points, then their crossing point will be the center of the circle. stained with Alexa Fluor 488 and talin marked with mCherry was imaged and analyzed using 3B method [11] . Analysis of 159 podosomes was performed to measure relative distance of talin and vinculin (measured as a difference between average vinculin position and average talin position). The relative positions of talin in respect to vinculin (see Fig. 1b ) and absolute protein positions (see Fig. 3 ) were calculated.
An analysis of more than 150 podosome rings provides an indication into talin and vinculin positions in the podosome ring. The relative position measurements indicated that on average talin is 33 nm closer to the podosome center than vinculin. When considering median value the relative distance is 24 nm. It is possible to analyze absolute distances of the protein positions in the ring, however, the podosome sizes in analyzed data should be similar.
Here, the absolute protein distances (measured from protein position to the podosome center) for talin and vinculin also suggest that talin is closer to the podosome core (see Fig. 3 and Table 2 ). We note that it is important to only compare measurements taken with the same technique as differences in the ring thickness could give rise to a bias in the measured radius (see Appendix D).
Discussion
We have presented a methodology for podosome identification and calculation of the relative position of different proteins in the ring. The podosome rings were identified in localization microscopy data using a circular model of podosome structure. Our method provides a success rate of 80% (similar to one delivered for podosome identification in confocal images [12] ). Using podosome identifications the protein localized positions were used for calculations of relative protein distance. In order to build a complete model of the positions of different proteins the positions of vinculin, paxillin, and talin were compared with each other. This has enabled us to build up information about the average positions of these proteins in the podosome ring. Since we are looking at an average of the relative positions, this method allows us to use data from different localizations techniques. The data also yield absolute values, which show some difference between the standard localization and 3B methods for the same protein (see Fig. D.3) . Resolving the origin of these differences will require the comparison of multiple labelling and super-resolution techniques in the future.
The varying qualities of the images resulting from different localization microscopy methods highlights that labelling, imaging and image analysis methods can have a strong impact on data quality and interpretation. The localization error can be caused by a number of factors, starting with the method used to tag proteins. The primary/secondary antibody construct separates the detectable organic dye from the protein [18] . The organic dyes are usually around 4 nm in size and the antibody length is around 5 nm, which means that the labeled protein localization can differ up to 9 nm from the organic dye [19] . For this study the proteins of interest were stained with tandem dye pairs which could potentially introduce even bigger distance between the protein of interest and the organic probe. Another issue is that, although the monoclonal primary antibody used for staining does attach to a specific location on the protein, the information about the exact attachment sequence is not readily available. With primary/secondary labeling systems there can be clustering artefacts, as more than one secondary can attach to each primary. Clustering artefacts can also be caused by the reappearance of single molecules. Although this affects the final number of molecules detected [19] , it is less important for the average position measurements as reappearances are thought to be equally likely for all molecules. Additionally, the thickness of the ring and density of labelling can also influence a measurement of protein positions (see Appendix D). Lastly, each localized molecule position is estimated using information delivered by photons coming from the molecule. Thus, the molecule position is estimated with uncertainty caused by a limited number of photons detected and it is approximately inversely proportional to the square root of the number of photons detected [20] , while the exact uncertainty of a localization can be found from the Fisher information limit [21] .
Overall, our analysis method provided more precise measurements for data sets acquired for samples where at least one protein was marked with fluorescent protein and the second with organic dye. Previously discussed factors limiting accuracy for primaryantibody staining are limited by use of only one dye to mark the protein of interest (here vinculin). Use of more than one fluorescent protein to mark proteins in the podosome ring could lead to even more precise measurement. The main source of localization error -use of two antibodies to attach a fluorescent markerwould be removed, because fluorescent markers would be synthesized directly in the desired protein.
Most importantly the pipeline presented here is ready to be used for a complete analysis of podosome ring protein positions. More data sets will be required to map positions of vinculin, paxillin, and talin to reference their relative distance. It is also possible to use software presented here for identification and analysis of a wide range of other structures, imaged with localization microscopy, which have circular ring shape, for example the nuclear pore complex. Lastly, the pipeline can be used to identify structures with different shapes after implementation of a different model of structure. The new model would have to be optimized to best describe the analyzed structure. If the protein is evenly distributed through the podosome ring then the average position calculated will be slightly biased to the outer edge of the ring due to a higher number of molecules. However, if the fluorophores are equally likely to be anywhere on the ring then the outer side of the ring will have lower density of localizations than the inner side. Here, we have investigated how the size of this effect would vary with the ring thickness.
A number of datasets were simulated to account for the effect of sampling. Two sizes of inner rings with different thickness were simulated. These two types of rings correspond to the ratio of an average radius and thickness of the rings, observed using samples with two proteins labeled (here vinculin-paxillin) and one protein transfected and the second labeled (vinculin-talin). This ratio was estimated to be 0.6 (for vinculin-paxillin) and 0.1 (for vinculintalin). The points/single molecule localizations in the rings were simulated with an equal density (see Fig. D.1) . The averaged measured and expected radius are presented in Figure D. 2.
The simulation indicated that the localization density (sampling) can have an influence on the measured value of the ring radius. For thicker rings the difference between the measured and expected values are bigger than for a thinner radius. However, since in our measurements we make comparisons between For every podosome center the points which belong to this podosome are identified using masking image (step 1). Then for an easier calculation the coordinate system was changed from Cartesian to polar coordinates (step 2) -the podosome center becomes a center of the polar coordinate system and, each point belonging to this podosome is described by the distance to the center and its angular position. The relative distance between two proteins was calculated and saved (step 3). measurements with similar labeling and imaging techniques which exhibit very similar thicknesses, we do not believe that this will significantly bias our relative measurement.
There is, however a significant difference observed between the thickness of the rings observed using standard localization microscopy (thicker) and 3B (thinner). When directly comparing these two measurements (see Fig. D.3 and Table D.1), it appears that the 3B measurements are biased towards smaller values as might be expected if the density on the ring is a factor. This demonstrates the need to only compare results from similar techniques for the relative measurements. 
